Objective: To evaluate the role of intracranial pressure (ICP) in the production of retinal hemorrhage in young children.
R
ETINAL HEMORRHAGE (RH) may be seen in many disorders, in particular abusive head trauma (AHT) characterized by repeated acceleration-deceleration with or without blunt head impact (shaken baby syndrome). Although we use the term AHT herein, we recognize that it is the shaken baby syndrome mechanism (as opposed to a single abusive blunt head impact, for example) that is associated specifically with hemorrhagic retinopathy. Describing RH assists in etiology recognition. The retina is a multilayered organ lining the inside of the eye, extending from the optic nerve to behind the iris. The anterior (peripheral) retinal edge is the ora serrata. Retina around the optic nerve is the peripapillary retina. The posterior pole includes the optic nerve disc, macula (generally defined as posterior retina extending out to temporal vascular arcades), fovea (center of macula), and peripapillary region (Figure 1) . Four vortex veins mark the posterior edge of peripheral retina. The area between the posterior pole and peripheral retina is the midperipheral retina (Figure 2) . One can describe patterns of distribution (eg, perivascular).
Retinal hemorrhage can also be counted. When the number becomes too high to easily count, terms such as confluent, too numerous to count, or rough estimates of number (eg, 50-100) should be used. One should avoid terms such as mild, moderate, severe, or extensive. What may seem severe to someone who has never seen an RH may actually be mild to someone with more experience.
When bleeding occurs in front of the retinal layers, the hemorrhage is described as preretinal or subhyaloid (underneath the hyaloid [ie, vitreous gel]; Figure 2 ). Intraretinal RH encompasses any bleeding within retinal layers. If bleeding is within the superficial nerve fiber layer, it has a flame or splinter appearance (Figure 2 ), whereas hemorrhage into the deeper layers appear to be and are called dot or blot hemorrhage (Figure 2 ). Blot hemorrhages are relatively larger than dot hemorrhages but without objective criteria for this distinction. Bleeding under the retina is subretinal.
Retinal hemorrhages occur in approximately 85% of AHT cases. [1] [2] [3] More than 75% have bilateral RH. 3, 4 In approximately two-thirds, RHs are too numerous to count, involving multiple retinal layers and covering nearly the entire retinal surface. 5 Retinal hemorrhages from accidental causes rarely reach the periphery, are usually confined to the posterior pole, and are few.
1,2,5-7 Severity of the RH correlates positively with severity of the intracranial trauma. 3, 8 Research using clinical cases, 3, 5, 9 autopsy cases, [10] [11] [12] animal models, 13 and finite element analysis 14, 15 has demonstrated the importance of vitreoretinal traction in the pathogenesis of RH in AHT. In infants and young children, the adherence between vitreous and posterior pole and peripheral retina is particularly strong. 1, 16 Repetitive acceleration-deceleration produces shearing forces sufficient to allow vitreous to pull on the retina, leading to splitting of retinal layers (traumatic retinoschisis); this is found almost solely in AHT and arising most often between the superficial internal limiting membrane and nerve fiber layer. 3, 4, 17 The same vitreoretinal traction can produce perimacular folds-elevated retinal ridges encircling the macula. 18 Shearing forces at vitreoretinal interface disrupted retinal vessel autoregulation in an animal model. 19 Retinal vessels are subject to sympathetic and parasympathetic control. Autonomic neurons are carried by cranial nerves, which may be damaged within the orbit in AHT. 3, 4 Despite ample evidence that repetitive and excessive acceleration-deceleration forces are required to cause the severe hemorrhagic retinopathy seen in AHT, 3, 5, [9] [10] [11] [12] [13] [14] [15] some researchers continue to contest this view with alternative theories. 4 When evaluating a child with RH, all differential diagnoses should be considered before concluding on a mechanism of abuse.
The hypothesis that increased intracranial pressure (ICP) can induce extensive retinal bleeding has recently been promulgated largely in the courtroom. 20, 21 Elevated ICP is present in 85% of AHT cases, 22, 23 but it may also occur owing to other conditions including accidental trauma. If this hypothesis were true, the diagnostic specificity of RH would be reduced. Rather than being a marker for abuse, RH might reflect increased ICP regardless of the cause.
The purpose of this paper is to explore whether RH can be the result of increased ICP.
RESULTS

ARGUMENTS USED IN FAVOR OF RH CAUSATION BY INCREASED ICP
Papilledema is the signature ocular manifestation of increased ICP. It is thought to originate from stasis of axoplasmic flow. Retinal hemorrhage associated with papilledema is usually intraretinal, less commonly preretinal, and confined to the posterior pole. 24 To our knowledge, extensive RH beyond the peripapillary retina has not been reported as a manifestation of papilledema.
Optic nerve sheath is continuous with intracranial submeningeal spaces. Dilation of the sheath has been detected by ultrasound in adults with acutely elevated ICP. 25 Sheath enlargement has also been demonstrated in postmortem study of patients (most likely adults given the pathologies) with acute intracranial hypertension, especially in the immediate retrobulbar portion. 26 In an adult diagnosed as having pseudotumor cerebri presenting with bilateral papilledema and high opening cerebrospinal fluid pressure, the sheath diameter was reduced significantly following lumbar puncture and cerebrospinal fluid pressure reduction. 27 Narrowing of diameter was similarly observed after pressure-reducing surgeries for 40 patients with intracranial hypertension. 28 Increasing cerebrospinal fluid pressure through serial intrathecal infusions in adults with cerebrospinal fluid absorption disorders led to sheath widening. 29 Sheath diameters in hydrocephalic children (aged 3 months to 16 years) with ventriculoperitoneal shunts 30 were significantly larger for those displaying clinical evidence of elevated ICP. The hypothesis linking increased ICP to RH is largely based on the theory that pressure transmitted along the optic nerve sheath results in compression of the central retinal vein (CRV) that is found within the center of the anterior optic nerve, which in the presence of unaltered arterial inflow to the retina results in vascular ruptures. 1 Occlusion of CRV obstruction (CRVO) results in a characteristic funduscopic pattern, with tortuous and dilated retinal veins associated with large numbers of intraretinal or preretinal RH radiating out from optic nerve centripetally. Vitreous and subretinal RH is uncommon in CRVO, although RH can be seen extending to the retinal periphery.
Intraocular hemorrhage, vitreous and/or retinal, associated with intracranial bleeding is known as Terson syndrome, 31 which is seen in 16% to 27% of adults with subarachnoid hemorrhage (SAH) from a ruptured intracerebral aneurysm. 2, 30 Hemorrhage inside the optic nerve sheath is common. Pathogenesis is largely unknown. One hypothesis suggests that intracranial bleeding tracks into the sheath through the submeningeal communication to the brain, resulting in compression of the optic nerve and CRV and inhibiting venous return. 32 In rhesus monkeys, when ICP was increased to systemic arterial pressure, ophthalmic veins became engorged and hemorrhages limited to the posterior pole occurred. 33 Another hypothesis suggests increased ICP from intracranial hemorrhage is transmitted down the sheath compressing the CRV. 31 A third hypothesis proposes that transmission of increased ICP to the sheath's subarachnoid space obstructs retinochoroidal anastomoses at the sclerodural junction. 26 Two papers are often quoted in courts of law to support a link between increased ICP and RH in child abuse cases. Muller and Deck's 26 postmortem analysis on 46 eyes of 23 patients with intracranial hypertension revealed optic nerve sheath hemorrhage in 87%, largely due to spontaneous intracranial hemorrhage from ruptured aneurysms. Thirty-seven percent of eyes had RH, predominantly intraretinal and preretinal at or near the optic disc, with some being more peripheral. The authors suggested that sheath hemorrhage was a result of optic nerve sheath bridging and intradural vessel rupture from ICP transmitted into the sheath, with secondary compression of CRV and obstruction of retinochoroidal anastomoses, causing RH. They noted preferential nerve sheath dilation immediately retrobulbar. Vanderlinden and Chisholm 34 described 6 adults hospitalized for submeningeal hemorrhages: 4 with ruptured aneurysms had subhyaloid hemorrhage, 3 of which were peripapillary. There was no peripheral bleeding. All 6 had delayed vitreous hemorrhage attributed to extension of subhyaloid hemorrhages secondary to repetitive intracranial hypertensive episodes.
THE CASE AGAINST ICP CAUSATION OF RH IN CHILDREN
Despite the suggestions just discussed, there is abundant literature grounded in clinical data and human or animal experiments that speak to the contrary. Large studies of victims of nonaccidental head trauma have failed to show funduscopic patterns characteristic of CRVO. 3, 5, 9 Although too-numerous-to-count multilayered (preretinal, intraretinal, and subretinal) bilateral RH extending to the periphery were commonly found, the pattern is more random than CRVO and the retinal veins typically appear normal in caliber and course. 3, 9 Papilledema is seen in less than 10% of AHT cases despite 85% having RH. 3, 9 There appears to be no correlation between increased ICP and the presence of RH in AHT. 3 Many cases of severe RH in AHT do not have intracranial hypertension. 10, 35 Postmortem studies in AHT show optic nerve sheath hemorrhage is often discontinuous and multifocal, commonly not involving the proximal sheath. 8, 11, 31 Hemorrhagic retinopathy can occur without sheath hemorrhage. 10, 36 Extensive RH similar to the hemorrhagic retinopathy observed in AHT has not been observed in children with elevated ICP from nonabusive causes. Children with elevated ICP from hydrocephalus and/or shunt malfunction showed no RH. [37] [38] [39] Sixteen infants with spontaneous subdural hematoma associated with macrocephaly since birth and intracranial hypertension did not have severe hemorrhagic retinopathy. 40 In monkeys, subarachnoid space saline injections to increase ICP to systemic arterial pressure did not produce RH. 33 Terson syndrome is rare in nonabused children with intracranial bleeding, with a maximal incidence estimated at 8%. 2 Thousands of children with hypertension are examined yearly by pediatric ophthalmologists, yet reports of RH beyond that of papilledema are scarce.
The absence of clinical data in children to support the association of extensive RH with increased ICP is consistent with anatomy and physiology. The eye has points of egress for venous blood other than the CRV-the 4 vortex veins. Orbital venous drainage is unvalved and includes collaterals. 41 If an obstruction occurs at the cavernous sinus or optic nerve sheath from increased ICP, this should not impact overall drainage. 26 It was Muller and Deck who argued that even with ICP of 250 mm Hg, the cavernous sinus was not obstructed and venous flow continued at 50% of baseline. 26 In a study where a suction cup was attached to the eyes of children increasing intraocular pressure until high enough to collapse the CRV, CRVO hemorrhage was not observed. 42 Ophthalmic artery pressure may paradoxically drop when ICP is increased in monkeys. 43 Blocking the CRV in 6 rhesus monkeys at its exit site from the optic nerve sheath also only caused short-lived engorged and tortuous veins without hemorrhage. 44 Increasing ICP in human cadavers by saline infusion through ventriculostomy showed subarachnoid pressure at the posterior optic nerve sheath to be consistently higher than the anterior bulbous portion perhaps because the anterior segment is the most distensible and the thinnest. 45 Lastly, the retinochoroidal anastomoses lie outside the subarachnoid space near the sclerodural junction, where they are less susceptible to compression. 26 There are problems with the studies by Muller et al and Vanderlinden et al. The former's claim that optic nerve sheath was most distended at the retrobulbar ampulla was not statistically analyzed. Sheath diameter 1.0 cm behind the globe was only 0.4 mm greater with intracranial hypertension than control subjects. 26 In addition, their findings seem not to represent pediatric patients. Al-though ages were not provided, the high incidence of vascular pathologies are uncommonly seen in children. 26, 46 Patients in the Vanderlinden et al study were adults with recurrent high ICP without the severe RH seen in AHT. 34 Attempts to extrapolate adult data to children regarding retinal vasculature are tenuous. The most common causes of RH in adults (ie, diabetes, hypertension, and sickle cell) never cause RH in the AHT age range. The healthy infant retinal blood vessel is inherently more resistant to leakage.
WHEN INCREASED ICP MIGHT CAUSE RH
There appears to be some unique circumstances in which increased ICP may be associated with RH. In each case, AHT is readily eliminated from differential diagnosis, but analysis of these cases may be instructive in understanding why increased ICP is not the cause of RH in other circumstances.
Although rare, isolated cases of fatal head crush injuries have had extensive RH similar to AHT. Lantz and colleagues 47 reported a fatal television head crush of a 14-month-old child. A 63-kg child fell on a 4-month-old infant, transmitting her weight onto the infant's head and fatally crushing him. 48 Watts and Obi 49 described a 10-week-old infant crushed between his mother's chest and a barrier when she fell forward. In these scenarios, the children developed multilayered RH extending to the periphery. Perimacular folds were noted in the first 2 infants and retinoschisis verified in 1. [47] [48] [49] In a series of pediatric head crush injuries, only 5 of 20 children with fundus examinations had RH. 50 Bleeding was largely peripapillary, except 1 with hemorrhage to the midequator and another with scattered hemorrhages to the ora serrata. No retinal folds or retinoschisis was seen.
The mechanism leading to extensive RH in these unique cases of fatal head crush injuries is unclear. 51 A hyperacute and extreme increase in ICP may play a role. This is different than the subacute ICP elevation in AHT. Other possibilities include direct shearing forces to the eye and orbit. Crush injuries often cause orbital fracture. Orbit examination was not reported in these cases.
Severe fatal motor vehicle collisions have occasionally resulted in severe hemorrhagic retinopathy. Autopsies of 10 children with elevated ICP showed that 8 had RH that extended to the periphery, 3 had elevated circular retinal folds, and 6 had internal limiting membrane retinoschisis, but none had deeper splitting of retinal layers. 52 In a case series of children with brain injuries leading to intensive care unit admissions or death, 1 of 38 in motor vehicle collisions had 15 or more preretinal RHs extending into midperiphery. 53 This child sustained bilateral orbital roof fractures, increasing the possibility of direct globe trauma as an etiologic factor. Funduscopic examinations of 16 children aged younger than 2 years with subdural hematoma and intracranial hypertension from traffic accidents revealed posterior pole flame RH in 3 children. 54 Other studies of children aged younger than 24 months with RH and severe brain injury from a motor vehicle collision lacked detailed descriptions. Almost all the children died. 52, 55, 56 Severe and sometimes repetitive (eg, motor vehicle rollovers) accelerationdeceleration seen in some motor vehicle collisions are consistent with AHT mechanisms. A hyperacute extreme abrupt increase in ICP may also play a role in RH development.
While it is not uncommon to find severe intraocular hemorrhage in association with SAH due to ruptured aneurysms in adults (the most common form of Terson syndrome), such events are rare in young children. McLellan and colleagues 57 reported "extensive bilateral retinal haemorrhages and a large right subhyaloid haemorrhage" in a 6-week-old infant with large intracerebral hematoma due to a ruptured cerebral aneurysm. Postmortem examination of a 7-month-old infant with diffuse cerebral edema and SAH due to ruptured cerebral aneurysm revealed bilateral RH extending to the ora serrata. 58 Angiogram results prior to brain removal did not show vascular abnormalities. Diagnosis was made using histologic findings consistent with an aneurysm and a site of rupture. Bhardwaj and colleagues 59 observed unilateral preretinal and RH extending to the periphery in a 7-monthold infant with intracranial hypertension from ruptured aneurysm. Additional pediatric reports of hemorrhagic retinopathy from ruptured aneurysms did not provide detailed funduscopic descriptions. [60] [61] [62] [63] One infant with ruptured aneurysm had "marked papilledema with multiple RH," while another had mostly flame hemorrhages with papilledema. 61, 63 Reports of infants who died from ruptured intracranial vascular malformations showed optic nerve sheath but not RH. 64, 65 Only 0.5% to 4.6% of cerebral aneurysms occur in children and less than 1% of those occur before age 15 years. 63, 66 Diagnosis is usually easily made on neuroimaging and intracranial hemorrhage patterns are different than AHT, with prominence of SAH and focal parenchymal bleeding as opposed to subdural hemorrhage and diffuse white matter changes with cerebral edema in AHT. Once again, the hyperacute increase in ICP from ruptured cerebral aneurysms differs from subacute increases in AHT.
Other causes of intracranial hypertension have been linked to RH in children on rare occasions. A ruptured arteriovenous malformation involving multiple spinal cord levels (T9-L2) led to bilateral papilledema and hemorrhagic retinopathy in a 4-year-old child. 67 A photograph of 1 eye showed 2 hemorrhages, 1 preretinal and 1 blot intraretinal, in the posterior pole. Forbes and colleagues 68 described 5 children with RH and traumatic epidural hematoma from accidents. All hemorrhages were superficial intraretinal confined to the posterior pole. Fatal purulent meningitis, likely associated with increased ICP, was associated with severe RH to the ora in 2 children, 1 of whom had a combined CRV and central retinal artery occlusion. 69 In another report of an infant with fatal meningitis and severe hemorrhagic retinopathy extending to the periphery, the authors pointed out that a later diagnosis of congenital disorder of glycosylation (congenital disorders of glycosylation type Ia) was responsible for clotting factor deficiency. 70 Coagulopathy with intracranial hypertension and RH have been reported. A 7-week-old infant with a bleeding diathesis due to a platelet defect developed subdural hemorrhage and posterior pole RH. 71 A severe case of idiopathic thrombocy-ARCH PEDIATR ADOLESC MED/ VOL 166 (NO. 7), JULY 2012 WWW.ARCHPEDIATRICS.COM 626 topenic purpura in a 2-year-old child resulted in intracranial hemorrhage and bilateral RH. 72 No funduscopic details were provided. Biousse and colleagues' 73 case series literature review revealed 2 children with anemia, isolated intracranial hypertension, papilledema, and only peripapillary RH.
In these scenarios, infection with possible necrosis of retinal vessels within the optic nerve sheath, coagulopathy, and other factors seem much more significant than ICP in causing RH. Only in severe fatal meningitis was RH extensive. Otherwise, the retinal findings in these cases are mild and nonspecific. The underlying diagnoses would be identified through usual diagnostic methods including laboratory testing and imaging, which then readily distinguish each from AHT.
CONCLUSIONS
Increased ICP may result in papilledema with small numbers of intraretinal and preretinal RH in or around the optic nerve. The concept that extensive RH in very young children, in the absence of the few readily recognizable rare circumstances mentioned herein, is due to increased ICP is not supported by peer-reviewed published evidence or empirical experience. Literature about adults should be extrapolated to children with caution. There is some evidence based on isolated case reports in unusual circumstances that severe hyperacute ICP elevation in children may result in extensive RH. These diagnoses are readily distinguished from abuse. In most cases of AHT, elevated ICP is seen but even in this scenario, ICP appears to play only a small role, perhaps modulating the appearance of hemorrhages in a particular child along with other factors.
It may be difficult to disentangle the effects of multiple factors such as trauma, coagulopathy, and infection in the presence of increased ICP, but severe multilayered hemorrhagic retinopathy-in particular with retinoschisis, perimacular folds, and extension of hemorrhages to the ora without the readily diagnosed scenarios discussed here-is highly suspicious for AHT. However, clinicians should maintain open minds to consider how multiple factors might aggravate retinopathy in atypical circumstances. Conflict of Interest: Dr Levin has testified and reviewed cases for the defense, prosecution, and plaintiffs in child abuse cases.
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